Introduction {#s0001}
============

Oncolytic virotherapy is being developed as a promising platform for cancer therapy due to its ability to lyse cancer cells in a tumor-specific manner.[@cit0001],[@cit0002] Vaccinia virus Tian Tan strain (VTT) was historically used for the vaccination of millions of Chinese people during the worldwide smallpox prevention campaign, and such programs led to the eradication of Variola in China prior to 1980.[@cit0003],[@cit0005] Now, vaccinia viruses have emerged as attractive therapeutic candidates for cancer treatment due to their inherent ability of tumor tropism and oncolytic property, which appears to preferentially infect and lyse cancer cells without causing excessive damage to surrounding normal tissue.[@cit0006]

A series of vaccinia virus worldwide have been applied as both an oncolytic agent and vector for therapeutic gene delivery in clinical cancer treatment. JX-594, a Wyeth strain vaccinia-vaccine-derived oncolytic virus with disruption of the viral thymidine kinase (TK) gene for cancer selectivity and insertion of human granulocyte-macrophage colony-stimulating factor (hGM-CSF) and β-galactosidase transgenes for immune stimulation and replication assessment, is used to treat patients with hepatocellular carcinoma or metastatic melanoma or other solid tumors.[@cit0007],[@cit0009] JX-963, a Western Reserve strain of vaccinia (WR) with deletions in the viral TK and vaccinia growth factor (VGF) genes and expressing human GM-CSF, was also generated and tested in preclinical tumor models.[@cit0010],[@cit0011] GLV-1h153, an oncolytic Lister strain vaccinia virus attenuated by gene deletion and carrying a human sodium iodide symporter (hNIS), was used as a viable imaging method. In addition, combination of GLV-1h153 and radiation therapy (^131^I) was effective in treatment of prostate cancer.[@cit0012],[@cit0013] Otherwise, modified vaccinia virus Ankara (MVA), which was obtained by extensive serial passage of vaccinia virus Ankara strain, or NYVAC, which was derived from the Copenhagen strain of vaccinia virus, were both highly attenuated by genome deletions and used as candidates for cancer therapy.[@cit0014],[@cit0015]

Recently, the attenuated vaccinia Guang 9 strain (VG9), which was derived from Chinese VTT by successive plaque-cloning purification, has become a promising replicative viral vector for cancer therapy.[@cit0016],[@cit0017] Deng et al[@cit0002] constructed the VG9 strain expressing murine GM-CSF and found strong antitumor activity in a murine melanoma model. Besides the attenuated pathogenicity, tumor selectivity is another important index for safety evaluation of VG9. TK, an enzyme needed for nucleic acid metabolism, is high in proliferating cancer cells but not in normal cells. Deletion of the TK gene results in dependence of vaccinia virus on cellular TK expression, and leads to further selectivity of vaccinia virus in cancers.[@cit0018],[@cit0019] To evaluate the tumor selectivity of VG9 with TK deficiency, a non-invasive image was applied to monitor the localization of viral replication in tumor or healthy tissue.

In addition to direct tumor lysis, oncolytic viruses can induce host immune responses against tumor cells and may thus be viewed as a form of immunotherapy.[@cit0001],[@cit0020],[@cit0023] Following oncolytic cell death, tumor cells release tumor-associated antigens that can serve to promote an adaptive immune response and the antitumor antibodies mediating complement-dependent cytotoxicity were induced after virus treatment with liver tumors.[@cit0024],[@cit0025] However, the natural ability of virus to induce a host antiviral immune response may result in clearance of the virus through neutralizing antiviral antibodies and/or cytotoxic T-cell-mediated immune responses.[@cit0021] Although immune stimulation is critical to the antitumor activity of oncolytic viruses, this effect is balanced by the potentially rapid clearance of the virus by antiviral immunity. Therefore, the identification of immune-mediated viral clearance and induction of antitumor immunity that are activated by TK-deleted VG9 strain is important to direct its application in virotherapy.

As live viral particles, the TK-deleted VG9 strain must consider its characteristics of antitumor efficacy, tumor selectivity, and immune system activation. For this purpose, VG9 with TK deficiency and firefly luciferase (Luc) expression was used to monitor the replication and dissemination of the virus using an in vivo bioluminescence imaging method. Meanwhile, activation of systemic immune response after virus infection was monitored by detection of antitumor and antiviral neutralizing antibodies in plasma. In addition, intravenous and intratumoral routes, which are major delivery systems in clinical application of virotherapy, were both evaluated.

Materials and Methods {#s0002}
=====================

Cell Lines {#s0002-s2001}
----------

The mammary carcinoma cell lines MDA-MB-231 (human) and 4T1 (murine), the murine melanoma cell line B16 and the colon adenocarcinoma cell line CT26.WT were obtained from the Cell Library of Biochemistry and Cell Biology, CAS, and cultured in RPMI 1640 medium (Life Technologies, catalog \#23,400) supplemented with 10% FBS. The MC38 murine colon adenocarcinoma cancer cells were originally obtained from Cell Resource Center, Peking Union Medical College, NSTI. MC38 cells were cultured in minimum essential medium (Life Technologies, catalog \#41,500) containing 10% FBS. Cells were maintained in a humidified atmosphere with 5% CO~2~ at 37°C.

Animals {#s0002-s2002}
-------

BALB/c nu, BALB/c, and C57BL/6 mice were acquired from Cavens Laboratory Animal (Changzhou, China). All animals were maintained under specific pathogen-free conditions; all procedures were performed in accordance with the Laboratory Animal-Guideline of welfare ethical review of Chinese Institutional Animal Care and Use Committee (IACUC).

Vaccinia {#s0002-s2003}
--------

VG9-Luc is an oncolytic vaccinia virus strain TianTan modified by insertion of Luc gene into the TK locus. For TK inactivation, we used the pCB-Luc shuttle plasmid containing the Luc gene under the control of the vaccinia synthetic early/late P-se/I promoter surrounded by the flanking sequences of the vaccinia J2R (TK) gene, which facilitated homologous recombination into the whole TK gene. VG9-Luc was generated and produced by methods described previously.[@cit0026]

In vitro Infection Ability of VG9-Luc on Tumor Cells {#s0002-s2004}
----------------------------------------------------

Tumor cells MDA-MB-231, B16, 4T1, and MC38 were plated in 24-well plates at the density of 1×10^5^ cells/well, while CT26 cells were plated at 0.4×10^5^ cells/well into 24-well plates. After overnight growth, the cells were infected with VG9-Luc at different MOIs (0, 0.02, 0.05, 0.1, 0.2, and 0.4). Twenty-four hours after infection, bioluminescence was quantified by adding 150 μg/mL D-luciferin (Promega) to culture medium 5 minutes before luminescent image with the IVIS system (PerkinElmer, CA, USA).

Tumor Models {#s0002-s2005}
------------

To establish human mammary carcinoma tumor models, the immunocompromised nude mice were subcutaneously implanted with 2×10^6^ MDA-MB-231 cells on the dorsal surface or left oxter or right hind leg. Similarly, the immunocompetent C57BL/6 mice or BALB/c mice were inoculated with B16, CT26, 4T1, or MC38 cells by subcutaneous implantation of 2×10^6^ cells on the dorsal surface or left oxter or right hind leg of the mouse. Mice were 4--6 weeks old for all studies. The numbers of male and female mice in various experimental groups were matched, although we did not observe a difference between the sexes in susceptibility to vaccinia infection. After 10 days of tumor growth, the tumors reached a volume of approximately 100 mm^3^. Then, 1×10^7^ PFU of purified VG9-Luc, which suspended in 100 μL of PBS, were injected intravenously via the tail vein or intratumorally into mice. Beginning the day after vaccinia virus inoculation, animals were imaged daily for bioluminescence detection.

Bioluminescence Imaging Analysis {#s0002-s2006}
--------------------------------

Bioluminescence imaging was performed using IVIS Spectrum Imaging System (PerkinElmer). Before imaging, D-luciferin (potassium salt, Promega) in normal saline was intraperitoneally injected at a dose of 150 mg/kg body weight. Mice were placed in the light-tight chamber of the CCD camera system and 2% isoflurane anesthesia in oxygen was delivered via a nose cone system. Mice were imaged in the dorsal or ventral positions, and the acquisition time was set at 1 minute. The signal intensity was quantified as the flux of all detected photon counts within a region of interest (ROI) prescribed over the ventral or dorsal torso using the LivingImage software package.

Virus Titration from Infected Organs {#s0002-s2007}
------------------------------------

Mice were sacrificed each day from day 1 to day 5 after intravenous injection of vaccinia VG9-Luc via the tail vein. Normal organs including heart, liver, spleen, lung, kidney, and brain, were removed and homogenized in 1 mL PBS, then stored at −80°C immediately. Whole blood was obtained by cardiac puncture, and diluted to one tenth with 1 mL PBS. Tissue homogenates and diluted blood were lysed by three freeze-thaw cycles, and centrifuged for 5 minutes at 3000 ×g at 4°C. The viral titers of supernatants were determined by plaque assays on BSC-40 cells. Meanwhile, the luciferase activity of the organ solutions was quantified with the Firefly Luciferase Reporter Gene Assay Kit (Beyotime).

Additionally, tumors were harvested and homogenized in 1 mL PBS on the last day of luminescence imaging. After three cycles of freezing and thawing procedure, the viral titer and luciferase activity in tumor supernatants were determined by plaque assay and luciferase assay kit, respectively.

Virus Re-Infection {#s0002-s2008}
------------------

2 weeks after infection of vaccinia VG9-Luc, the immunocompetent C57BL/6 or BALB/c mice were rechallenged with 1×10^7^ PFU of purified VG9-Luc intratumorally or intravenously. Then, bioluminescence imaging was performed daily again to detect the biodistribution of the virus.

Blood Samples Collection and Immunological Factors Assay {#s0002-s2009}
--------------------------------------------------------

Blood samples were taken from the tail vein at different time points. Approximately 200 μL blood from the tail vein of mice was collected into anti-coagulant K~2~-EDTA vacutainer tubes, and kept stable for 2 hours at 4°C. Plasma was separated by centrifugation at 1500 ×g for 15 minutes and stored at \<−70°C until testing. The immunological factors including IL-4, IL-6, and IFNγ were determined by ELISA kits, respectively (Invitrogen 88--7044, 88--7064, 88--7314, CA, USA).

Neutralizing Antibodies Measurement {#s0002-s2010}
-----------------------------------

The titers of neutralizing antibodies against vaccinia virus or tumor cells in plasma were determined by time-resolved fluoroimmunoassay (TRIFA).[@cit0027] Briefly, vaccinia VG9-Luc (15 μg/mL) were coated into 96-well plates overnight at 4°C. Then, the wells were blocked with 1% BSA, followed by diluted plasma samples incubated for 2 hours at 37°C. After washing 3-times, Eu^3+^-labeled anti-mouse IgG was incubated for 1 hour at 37°C. With the addition of enhancement solution, fluorescence emission spectra for Eu^3+^ were obtained using a Perkin--Elmer LS-55 fluorescence spectrometer, and time-resolved fluorescence measurements were carried out with an AutoDELFIA-1235 automatic analyzer (PerkinElmer, CA, USA).

For measurement of antitumor neutralizing antibody, CT26 cells were plated into 96-well plates at the density of 2×10^4^ cells/well. After overnight growth, the cells were immobilized with methanol for 30 minutes at 4°C. Then, diluted plasma samples were incubated for 2 hours at 37°C, followed by Eu^3+^-labeled anti-mouse IgG incubation and Eu^3+^ fluorescence emission spectra detection.

Statistical Analysis {#s0002-s2011}
--------------------

All graphs were generated using Prism 5.0 software (GraphPad, San Diego, CA). Student's t-tests were used in all analysis and *P*-values less than 0.05 were considered statistically significant.

Results {#s0003}
=======

Vaccinia VG9-Luc is Capable of Infecting Tumor Cells in vitro {#s0003-s2001}
-------------------------------------------------------------

Before bioluminescence imaging is performed on tumor-bearing mouse models, it is necessary to determine whether vaccinia VG9-Luc could infect tumor cells as expected. Thus, tumor cells MDA-MB-231, B16, CT26, 4T1, and MC38, all of which were used to construct tumor models, were infected with increasing titers of vaccinia VG9-Luc and the luciferase activity was detected 24 hours after infection. As shown in [Figure 1A](#f0001){ref-type="fig"}--[J](#f0001){ref-type="fig"}, all the cells could be infected by vaccinia VG9-Luc, and the luminescence intensity increased with the enhanced infection titers. The positive correlation between luciferase activity and infection titer fully indicated that vaccinia VG9-Luc could effectively infect tumor cells in vitro.Figure 1In vitro infection ability of vaccinia VG9-Luc on tumor cells. (**A**--**E**), Bioluminescence image of B16 (**A**), MDA-MB-231 (**B**), CT26 (**C**), 4T1 (**D**), and MC38 (**E**) cells infected by vaccinia VG9-Luc in vitro for 24 hours. (**F**--**J**) Bar graphs represent the total photon counts of bioluminescence accumulated in each well (means±SD), corresponding to **A** and **E**, respectively. Tumor cells were plated into 24-well plates and infected with increasing titers of VG9-Luc (0, 0.02, 0.05, 0.1, 0.2, or 0.4 MOI/well) for 24 hours. Bioluminescence image was applied by addition of 150 μg/mL D-luciferin and 5 minutes of incubation.

Vaccinia VG9-Luc is Capable of Targeting Tumor Sites in Nude Mice {#s0003-s2002}
-----------------------------------------------------------------

To evaluate tumor specificity of vaccinia VG9-Luc, immunocompromised nude mice challenged with human mammary carcinoma MDA-MB-231 cells were firstly investigated. The day after intravenous inoculation of VG9-Luc via the tail vein, bioluminescence imaging was performed each day until day 7. As shown in [Figure 2A](#f0002){ref-type="fig"} and [B](#f0002){ref-type="fig"}, the day after intravenous infection of VG9-Luc, the luciferase activity on the ventral and dorsal surface was high, both in non- and tumor-bearing nude mice. The bioluminescence of non-specific background gradually decreased over the course of infection and luciferase activity was clearly observed in tumor site from day 3 to day 7, including tumors located on the dorsal surface or oxter. However, the non-specific luminescence intensity which occurred in both hind legs of nude mice failed to prove the specificity of VG9-Luc for tumors located on hind legs, though it was confirmed by viral titer assay. These data indicated that vaccinia VG9-Luc had strong ability of tumor targeting after intravenous infection of nude mice, no matter where the tumor was located.Figure 2Characterization of luciferase activity in tumor-bearing mice infected with VG9-Luc intravenously or intratumorally. (**A**) Nude mice were either challenged with MDA-MB-231 or without tumor challenge. Ten days after tumor cells inoculation, mice were intravenously injected with 1×10^7^ PFU of VG9-Luc. Luciferase activity was characterized by bioluminescence imaging on days 1, 2, 3, 4, 5, and 7 after vaccinia infection. (**B**) Corresponding to **A**, the bar graph represents the total photon counts of bioluminescence accumulated in tumor sites. (**C** and **D**) C57BL/6 mice were either challenged with B16 cells or without tumor challenge. Ten days after tumor inoculation, mice were intravenously (**C**) or intratumorally (**D**) injected with 1×10^7^ PFU of VG9-Luc. Luciferase activity was characterized by bioluminescence imaging on days 1, 2, 3, 4, and 5 after vaccinia infection. (**E** and **F**) Corresponding to (**C** and **D**), respectively, bar graphs represent the total photon counts of bioluminescence accumulated in tumor sites.

Biodistribution of vaccinia VG9-Luc in nude mice were performed by plaque assays on normal organs, including heart, liver, spleen, lung, kidney, brain, and blood. The viral titers showed there was little or no plaques formed in excised organs ([Table 1](#t0001){ref-type="table"}), and luciferase activity was not detected in tissue homogenates (data not shown). In tumor tissues that were harvested on the last day of luminescence imaging, both the luciferase activity and viral titers were significantly high ([Table 2](#t0002){ref-type="table"}), suggesting effective tumor targeting ability of VG9-Luc after intravenous injection. In addition, there was a positive relationship between luciferase activity, viral titers, and luminescence intensity, which demonstrated the tumor specificity of vaccinia VG9-Luc from three aspects.Table 1Biodistribution of Vaccinia VG9-Luc in Normal TissuesBALB/c nu (PFU)C57BL/6 (PFU)BALB/c (PFU)Blood21 (0--68)24 (0--36)0 (0--15)Heart0 (0--16)0 (0--5)0 (0--7)Liver0 (0--13)0 (0--8)7 (0--14)Spleen17 (0--26)31 (0--62)4 (0--20)Lung2 (0--55)22 (0--84)41 (0--112)Kidney0 (0--10)0 (0--2)0 (0--3)Brain3 (0--9)0 (0--3)0 (0--2)[^1] Table 2Luciferase Activity and Plaque Assays of Vaccinia VG9-Luc Located in Tumor Sites of MiceMouse No.Tumor SitesLuciferase ActivityPlaque Assay (PFU)Intravenous nude mice\
[Figure 2A](#f0002){ref-type="fig"}iiDorsal surface13,162.717.8\*10^5^iiiDorsal surface33,042.157.3\*10^5^ivOxter11,009.125.4\*10^5^Hind leg29,290.585.1\*10^5^vOxter5526.362.5\*10^5^Hind leg6286.994.1\*10^5^viOxter34,374.313.8\*10^5^Hind leg27,722.054.0\*10^5^Intravenous C57BL/6 mice\
[Figure 2B](#f0002){ref-type="fig"}iiDorsal surface45401.4\*10^7^iiiOxter22377.5\*10^6^ivHind leg2246.6\*10^5^vOxter55932.2\*10^7^Hind leg9984.6\*10^6^viOxter2847.8\*10^5^Hind leg16543.7\*10^6^Intratumoral C57BL/6 mice\
[Figure 2C](#f0002){ref-type="fig"}iDorsal surface64,0447.3\*10^7^iiOxter2381.0\*10^6^iiiOxter1773.1\*10^5^ivHind leg13401.3\*10^7^Intratumoral (CT26) BALB/c mice\
[Figure 3A](#f0003){ref-type="fig"}iDorsal surface14,8903.7\*10^7^iiOxter23,8136.5\*10^7^iiiHind leg43,2828.9\*10^7^Intravenous (CT26) BALB/c mice\
[Figure 3C](#f0003){ref-type="fig"}iDorsal surface--3.6\*10^3^iiOxter--5.7\*10^3^iiiOxter--1.6\*10^4^Hind leg--2.1\*10^4^Intravenous (4T1) BALB/c mice\
[Figure 4B](#f0004){ref-type="fig"}iDorsal surface38792.4\*10^6^iiDorsal surface9211.7\*10^6^[^2] Figure 3Characterization of luciferase activity in CT26 tumor-bearing BALB/c mice infected with VG9-Luc intratumorally or intravenously. (**A**) BALB/c mice were either challenged with CT26 cells or without tumor challenge. Six days after tumor cells inoculation, BALB/c mice were intratumorally injected with 1×10^7^ PFU of VG9-Luc. Luciferase activity was characterized by bioluminescence imaging on days 1, 2, 3, 4, and 5 after vaccinia infection. (**B**) Two weeks after first virus injection, intratumoral re-injection of VG9-Luc was performed and luciferase activity was characterized by bioluminescence imaging on days 1, 2, and 3 after vaccinia re-infection. (**C** and **D**) Corresponding to (**A** and **B**), respectively, bar graphs represent the total photon counts of bioluminescence accumulated in tumor sites. (**E**) Six days after CT26 tumor cells inoculation, BALB/c mice were intravenously injected with 1×10^7^ PFU of VG9-Luc. Luciferase activity was characterized by bioluminescence imaging on days 1, 2, 3, 4, and 5 after vaccinia infection. (**F**) Two weeks after first virus injection, intravenous re-injection of VG9-Luc was performed and luciferase activity was characterized by bioluminescence imaging on days 1, 2, and 3 after vaccinia re-infection.Figure 4Repeated characterization of luciferase activity in tumor-bearing C57BL/6 and BALB/c mice. (**A**) C57BL/6 mice challenged with MC38 or B16 cells were intravenously injected with 1×10^7^ PFU of VG9-Luc. (**B**) BALB/c mice challenged with 4T1 or CT26 cells were intravenously injected with 1×10^7^ PFU of VG9-Luc. Luciferase activity was characterized by bioluminescence imaging on days 1, 2, 3, 4, and 5 after vaccinia infection. (**C** and **D**) Two weeks after first virus injection, intravenous (**C**) or intratumoral (**D**) re-injection of VG9-Luc in C57BL/6 mice was performed. Luciferase activity was characterized by bioluminescence imaging on days 1, 2, and 3 after vaccinia re-infection.

Vaccinia VG9-Luc is Capable of Targeting Tumor Sites in C57BL/6 Mice {#s0003-s2003}
--------------------------------------------------------------------

Immunocompetent C57BL/6 mice challenged with B16 murine melanoma cells were investigated to further demonstrate the tumor specificity of vaccinia VG9-Luc. Mice were infected with 1\*10^7^ PFU of VG9-Luc by intratumoral or intravenous inoculation 10 days after tumor cells implantation. From the next day, bioluminescence imaging was performed daily and continued for 5 days. As shown in [Figure 2C](#f0002){ref-type="fig"} and [E](#f0002){ref-type="fig"}, the day after intravenous infection, C57BL/6 mice without tumor challenge showed high luminescence intensity in the dorsal and ventral surfaces. The luminescence dramatically decreased on day 2, and little luciferase expression was observed in the dorsal and ventral surfaces from day 3. C57BL/6 mice challenged with B16 cells on the dorsal surface, oxter, or hind leg, showed significant tumor specificity of VG9-Luc. High luciferase activity was observed in all tumor sites, no matter where it is located. The luminescence intensity was extremely high from day 2, and gradually decreased with the days passed. The data indicated that vaccinia VG9-Luc had the ability to target tumor cells in immunocompetent C57BL/6 mice.

Meanwhile, tumor specificity of VG9-Luc infection by intratumoral inoculation was also investigated. [Figure 2D](#f0002){ref-type="fig"} and [F](#f0002){ref-type="fig"} showed significant high luciferase activity accumulated in tumor sites, no matter if tumor cells were located on the dorsal surface, oxter, or hind leg. The day after virus infection, the bioluminescence in tumor sites was obviously observed and reached a peak on day 2, then the luminescence intensity gradually decreased with the passage of time. In addition, we have previously investigated the tumor specificity of VG9-Luc infected by intratumoral injection in nude mice, which also confirmed its ability of tumor targeting.[@cit0026]

Plaques assays and luciferase activity were also determined in normal organs of C57BL/6 mice, which were harvested 1--5 days post intravenous injection. Similar to nude mice, there was little or no plaques formed in normal organs ([Table 1](#t0001){ref-type="table"}), and no luciferase activity was detected in tissue homogenates (data not shown). Tumor tissues were harvested on the last day of luminescence imaging, the luciferase activity and plaque assays were performed as well. [Table 2](#t0002){ref-type="table"} showed the luciferase activity and viral titers in tumor homogenates, which corresponded with the results of bioluminescence imaging. The results confirmed the tumor specificity of VG9-Luc on the other hand, no matter if the virus was infected intravenously or intratumorally.

Tumor Targeting Ability of Vaccinia VG9-Luc in BALB/c Mice {#s0003-s2004}
----------------------------------------------------------

Another immunocompetent mouse strain of BALB/c was further investigated to strengthen the conclusion that vaccinia VG9-Luc had the property of tumor specificity. As before, BALB/c mice challenged with CT26 colon adenocarcinoma cells were infected with 1\*10^7^ PFU of VG9-Luc by intratumoral or intravenous inoculation 6 days after tumor cells implantation. Bioluminescence imaging showed that strong bioluminescence was accumulated in tumor sites of BALB/c mice after intratumoral injection of VG9-Luc ([Figure 3A](#f0003){ref-type="fig"} and [C](#f0003){ref-type="fig"}). The luminescence intensity was higher on day 1 and 2, and progressively decreased with time passed. Otherwise, only weak luminescence was observed in the site of subcutaneous injection in BALB/c mice without tumor challenge, and the luminescence quickly disappeared 2 days after virus infection. These results illustrated that vaccinia virus could not effectively replicate in healthy tissue, however, the replication of VG9-Luc in tumor sites was high efficiency and strong luciferase activity was accumulated in tumor tissues, which demonstrated the tumor selectivity of vaccinia VG9-Luc. In addition, the luciferase activity and viral titers in tumor homogenates were consistent with in vivo bioluminescence imaging ([Table 2](#t0002){ref-type="table"}), providing further evidence that vaccinia VG9-Luc was tumor specific.

However, when tumor-bearing BABL/c mice were injected with vaccinia VG9-Luc intravenously, the situation was quite different. As shown in [Figure 3E](#f0003){ref-type="fig"}, no luciferase activity was observed in tumor sites, no matter where the tumor was located. To confirm the conclusion, excised tumor tissues harvested 3 days after intravenous injection were used to detect their luciferase activity and viral titers. The results showed that no luciferase activity was detected in any tumor homogenates, but three in 10 mice were detected as low degree of viral titers ([Table 2](#t0002){ref-type="table"}). Additionally, there were little or no plaques formed in normal organs ([Table 1](#t0001){ref-type="table"}), corresponding to nude mice and C57BL/6 mice.

It was greatly disappointing that vaccinia VG9-Luc showed no tumor specificity in BALB/c mice after intravenous infection. However, we believe that different mouse strains and tumor models may cause the phenomenon. Therefore, B16 and MC38 cell lines generated from C57BL/6 mice, as well as CT26 and 4T1 cell lines generated from BALB/c mice, were used to build immunocompetent models in their matched hosts. Bioluminescence imaging was repeated after intravenous infection of VG9-Luc in tumor models. As shown in [Figure 4A](#f0004){ref-type="fig"}, obvious tumor targeting ability was shown in C57BL/6 mice, no matter whether they were challenged with MC38 or B16 cells, and whether the tumor was located on the dorsal surface or oxter. The progression of virus infection was consistent with previous results, except for the lower luminescence intensity acquired this time. Once again, no tumor specificity was observed in BALB/c mice, neither in 4T1 tumor models nor in CT26 tumor models ([Figure 4B](#f0004){ref-type="fig"}). However, there is an exception in 4T1 tumor-bearing BALB/c mice challenged on the dorsal surface, which was shown in the first line of [Figure 4B](#f0004){ref-type="fig"}. Though not significant, there was weak luminescence discovered in the tumor site after 2 or 4 days of intravenous infection. Yet, we cannot conclude whether vaccinia VG9-Luc was tumor specific in 4T1 tumor models. Therefore, bioluminescence imaging was performed again after intravenous infection of VG9-Luc on 4T1 tumor models, and the results are shown in the last two lines of [Figure 4B](#f0004){ref-type="fig"}. It was observed that the bioluminescence was detected close to the tumor, but definitely no photon flux was acquired in the exact tumor site. In order to further confirm the conclusion, tumor tissues were harvested and homogenized after 3 days of intravenous injection. Results show there was weak luciferase activity existent in 4T1 tumors and approximately 10^6^ PFU of viral titers were detected in 4T1 tumor homogenates ([Table 2](#t0002){ref-type="table"}). Although vaccinia VG9-Luc failed to target CT26 or 4T1 tumor tissue in the BALB/c mouse model, we suppose there may be some reason that prevents the vaccinia invasion into the tumor tissues.

Re-Infection of Vaccinia VG9-Luc in Immunocompetent Mice {#s0003-s2005}
--------------------------------------------------------

To study the effect of immunity activated by vaccinia virus on virotherapy, two immunocompetent tumor-bearing BALB/c and C57BL/6 models were reinjected with vaccinia VG9-Luc 2 weeks after the first infection, and bioluminescence imaging was performed again to observe the replication of the virus. As shown in [Figure 3F](#f0003){ref-type="fig"} and [Figure 4C](#f0004){ref-type="fig"}, intravenous reinjection of vaccinia VG9-Luc failed to cause the replication of the virus in mice. No luminescence was detected in both BALB/c and C57BL/6 tumor-bearing mice the day after reinjection (day 1), neither in the next 2 days (day 2 and 3), except for the non-specific luminescence accumulated in the tails. However, if vaccinia VG9-Luc was infected intratumorally, significant virus replication was observed in tumor sites, though the luminescence intensity was much lower than the first infection, as shown in [Figure 3B](#f0003){ref-type="fig"}, [D](#f0003){ref-type="fig"} and [Figure 4D](#f0004){ref-type="fig"}. It is supposed that first systemic virus infection induced strong antiviral immune response, which rapidly cleared the second systemic injected virus. The different situation of intratumoral injection may be due to the difference in local immune response and the larger amount of virus injected into tumor sites.

Vaccinia VG9-Luc Induced Tumor-Specific Immunity {#s0003-s2006}
------------------------------------------------

To evaluate the immune response after vaccinia VG9-Luc infection, the titers of plasma antibodies against virus or tumor cells were determined by TRIFA. As mentioned before, CT26 tumor cells were implanted in BALB/c mice 6 days before virus infection, so the antibodies against tumor cells were produced earlier and higher than antiviral antibodies. [Figure 5A](#f0005){ref-type="fig"} and [B](#f0005){ref-type="fig"} showed the production of neutralizing antibodies and immunological factors within 7 days after intravenous virus infection. As shown in [Figure 5A](#f0005){ref-type="fig"}, no antitumor antibodies were detected 6 days after tumor cells implantation (day 0). After virus infection, the antitumor antibodies were gradually produced, and a sharp rise in antibodies was observed from day 3 to day 5, and then remained stable on day 6 and day 7. Meanwhile, the antiviral antibodies were produced slowly and uniformly from day 2 to day 7 after virus infection. The immunological factors including IL-4, IL-6, and IFNγ were also determined to evaluate the immune response in BALB/c mice after tumor cells implantation and virus infection. Although IL-4 and IL-6 were not detected in plasma (data not shown), IFNγ showed the process of the immunity activated by vaccinia VG9-Luc. Before tumor cells implantation, IFNγ was not detected in plasma. Then, a low level of IFNγ was produced 6 days after tumor cells inoculation (day 0). Later, the production of IFNγ sharply increased from day 1 to day 4 and dropped quickly from day 4 to day 6 after virus infection. By day 7, the amount of IFNγ remained low and cannot be detected after that ([Figure 5B](#f0005){ref-type="fig"}).Figure 5Neutralizing antiviral and antitumor antibodies produced in tumor-bearing BALB/c mice activated by virus infection. (**A**) Neutralizing antiviral and antitumor antibodies produced within 7 days after intravenous virus infection. Six days after CT26 tumor cells inoculation, BALB/c mice were intravenously injected with 1×10^7^ PFU of VG9-Luc. Blood samples were taken from tail vein each day until 7 days after virus infection. The neutralizing antiviral and antitumor antibodies in plasma were determined by TRIFA. (**B**) Immunological factor IFNγ detected by an ELISA Kit. (**C**--**F**) Neutralizing antiviral antibodies determined by TRIFA. CT26 tumor-bearing BALB/c mice were intravenously (**D**) or intratumorally (**F**) injected with 1×10^7^ PFU of VG9-Luc. Two weeks after first virus injection, intravenous (**C**) or intratumoral (**E**) re-injection of VG9-Luc was performed. Blood samples were taken from tail vein each week after virus infection. (**G**--**J**) Neutralizing antitumor antibodies determined by TRIFA. CT26 tumor-bearing BALB/c mice were intravenously (**H**) or intratumorally (**J**) injected with 1×10^7^ PFU of VG9-Luc. Two weeks after first virus injection, intravenous (**G**) or intratumoral (**I**) re-injection of VG9-Luc was performed. Back or oxter or leg represents the site where the tumor was located; IV or IT or SC represent the mode of virus delivery, as intravenous or intratumoral or subcutaneous, respectively; neg represents the absence of the corresponding operation. Data are expressed as means±SEM of three independent mice.

Long-term neutralizing antibodies were also detected to evaluate the systemic immune response process activated by the first and second viral infections. As shown in [Figure 5C](#f0005){ref-type="fig"}--[F](#f0005){ref-type="fig"}, the antiviral antibodies were quickly produced and rapidly increased within 14 days after viral infection in tumor-bearing mice. Then, the production of antiviral antibodies kept a slight rise in vein-infected mice ([Figure 5D](#f0005){ref-type="fig"}) or a slight drop in tumor-infected mice ([Figure 5F](#f0005){ref-type="fig"}) in the following month. However, when the virus re-infected tumor-bearing mice 14 days after the first viral infection, antiviral antibodies sharply increased on day 21 and decreased slightly over the next 3 weeks, no matter if the tumor was located on the dorsal surface, oxter, or hind leg ([Figure 5C](#f0005){ref-type="fig"} and [E](#f0005){ref-type="fig"}). In addition, mice without tumor challenge showed the same performance as tumor-bearing mice after the first and second viral infection. Meanwhile, tumor-bearing and normal mice without viral infection did not produce any antiviral antibodies, as expected. Taken together, these data indicated that viral infection induced a significant antiviral immune response in mice, no matter where the tumor is located or whether there is a tumor. Moreover, re-infection of the virus induced a stronger secondary immune response, both in intravenous or intratumor routes.

The situation of antibodies against CT26 tumor cells was a bit similar. As shown in [Figure 5G](#f0005){ref-type="fig"}--[J](#f0005){ref-type="fig"}, no antitumor antibodies were produced 6 days after tumor cells implantation. However, when vaccinia VG9-Luc was injected, the antitumor antibodies were sharply produced and reached a peak on day 7. Then, a marked decline was observed on day 14 in all groups ([Figure 5G](#f0005){ref-type="fig"}--[J](#f0005){ref-type="fig"}). In the following month, the production of antitumor antibodies kept stable or showed a slight drop without any operation ([Figure 5H](#f0005){ref-type="fig"} and [J](#f0005){ref-type="fig"}). However, when the virus was re-infected on day 14, the antitumor antibodies increased again and reached a peak on day 28. In the following 2 weeks, the production of antibodies gradually decreased ([Figure 5G](#f0005){ref-type="fig"} and [I](#f0005){ref-type="fig"}), but the baseline of the antibodies was higher than that in mice infected only once. Notably, tumor-bearing mice without viral infection produced extremely lower antitumor antibodies and kept stable in the whole process. While viral infection enhanced the production of antitumor antibodies by 5-times, it is suggested that vaccinia VG9-Luc strongly induced tumor-specific immunity by increasing the production of antitumor antibodies.

It is noticeable that there was no significant difference in antibody production between intravenous or intratumoral delivery systems, except for normal mice infected with virus. As shown in [Figure 5G](#f0005){ref-type="fig"} and [H](#f0005){ref-type="fig"}, normal mice produced lower antibodies than tumor-bearing mice, who received intravenous viral infection once or twice, though their production processes of antitumor antibodies were the same. Nevertheless, if virus was intratumorally infected in normal mice, the production of antitumor antibodies was extremely low within the first 2 weeks and then showed a sharp rise on day 21, whether or not the virus was re-infected. Then, the antibody production was the same level as tumor-bearing mice in the following 3 weeks. In theory, normal mice could not produce antibodies against CT26 tumor cells, and normal mice without any operation showed no antitumor ([Figure 5G](#f0005){ref-type="fig"}--[J](#f0005){ref-type="fig"}) or antiviral ([Figure 5C](#f0005){ref-type="fig"}--[F](#f0005){ref-type="fig"}) antibodies produced. So, why did normal mice infected with viruses produce significantly high antitumor antibodies? As we know, immune stimulation is an essential part of virotherapy, represented by the production of neutralizing antibodies. However, the antibodies could recognize antigens expressed by viruses, which limited the extent of oncolysis; antigens expressed by tumor cells, which increased the antitumor efficacy; as well as antigens expressed by normal cells, which induced autoimmunity and weakened the body. The production of antitumor antibodies in normal mice injected with virus is considered to be caused by the activation of an autoimmune response.

Discussion {#s0004}
==========

Engineered oncolytic viruses have been emerging as promising options for clinical cancer treatment since the 1990s.[@cit0028],[@cit0029] More than 1000 patients have now been treated with oncolytic viruses by intratumoral injection and/or intravenous infusion during Phase I--III clinical trials. Vaccinia Guang9 (VG9) strain, which originates from Chinese vaccinia Tian Tan strain (VTT), has attenuated pathogenicity and is becoming a promising engineered viral vector for expression of therapeutic anticancer genes. Usually, Thymidine kinase (TK) gene was deleted to promote tumor tropism at the same time of exogenous therapeutic gene insertion. Therefore, understanding the characteristic of the TK-deleted VG9 strain is critical to virus construction and application. In this study, we evaluate the tumor specificity and immune system activation of VG9-Luc in different tumor-bearing mice models. As intratumoral injection and intravenous infusion are the most popular delivery systems in clinical virotherapy, both routes of administration were conducted and their respective performance was compared.

For tumor targeting evaluation, an in vivo bioluminescence imaging was performed to observe the virus distribution in live mice each day. Luminescence intensity in live mice as well as luciferase activity and viral titers in excised organs showed the dramatic tumor targeting ability of VG9-luc in immunocompromised nude mice and immunocompetent C57BL/6 and BALB/c mice, and showed tumor specificity in both intravenous and intratumoral injection. The only exception occurred in immunocompetent BALB/c mice with intravenous virus infection. Repeated trials showed no tumor specificity of VG9-luc was observed in both CT26 and 4T1 tumor-bearing BALB/c mice infected intravenously. However, weak bioluminescence was detected close to 4T1 tumor tissue, and low luciferase activity was detected in excised tumor homogenates. Thereby, we suppose the stiffness of the tumor matrix may contribute to the phenomenon.

Tumor stiffness is mainly determined by the amount of extracellular matrix (ECM), particularly collagen and hyaluronan contained in the tumor. Increasing ECM stiffness is shown to induce a malignant phenotype and promote cancer cell invasion to surrounding tissues.[@cit0030],[@cit0032] Here, we found tumor stiffness also affected the tumor targeting ability of vaccinia VG9-Luc. The softer the tumor matrix, the easier vaccinia virus invaded and duplicated into the tumor. For example, B16 and MC38 tumor cells, which were soft in the tumor matrix, showed obvious tumor targeting ability of VG9-Luc in C57BL/6 mice. From previous experiments, we know that both 4T1 and CT26 tumors had a stiff matrix, and their tissues were hard to homogenize. Furthermore, the matrix of CT26 was stiffer than that of 4T1. Thus, we assumed both CT26 and 4T1 tumor models were difficult for virus invasion and replication. Sometimes the virus accumulated near the tumor site, such as 4T1; but sometimes the virus could not replicate in the tumor nearby, and no luminescence was detected in and around the tumor site, such as CT26. Thus, we conclude that the stiffness of the tumor matrix is responsible for the non-tumor specificity observed in BALB/c mice, which can prevent the vaccinia from invading into the tumor tissues.

It is reported some patients undergoing oncolytic virotherapy seem to spontaneously undergo a dramatic and therapeutic transition from induced antiviral response against oncolytic vector and then progress onto more effective acquired antitumor immunity.[@cit0020] Besides directly killing tumor cells by oncolytic effect, immunotherapy has a different mechanism for eliminating tumors, that eradicates tumor cells by enhancing the antitumor immune response.[@cit0033] Therefore, the balance of antiviral immunity and antitumor immunity activated by virotherapy is critical to the efficacy of oncolytic virus. Determination of neutralizing antibodies proved that viral infection really promoted tumor-specific immunity by increasing the antibodies against tumor cells. Results also showed the production process of antiviral antibodies was similar between the intravenous and intratumoral delivery systems, however, the bioluminescence images of the two were quite different. As mentioned before, re-infection of virus intravenously induced a stronger secondary immunization, which caused a rapid clearance of the second infected virus, and no luminescence was detected in mice. Nevertheless, re-infection of virus intratumorally induced a similar secondary immune response, but there was significant bioluminescence detected in tumor location, though the luminescence intensity was much lower than the first infection. These differences may be contributed by the difference in viral clearance between the two routes of administration. It is reported that intravenous delivery of virus caused an immediate innate humoral immune response, which may lead to viral inactivation in the bloodstream, prior to infection of tumor cells. Even without preexisting immunity, repeated intravenous viral administration results in production of antiviral antibodies that quickly render vascular delivery ineffective.[@cit0034] Early viral inactivation by the innate immune system is also an issue with direct intratumoral injection, but to a lesser extent than intravenous therapy. With the immune system able to provide a systemic response after local administration, intratumoral injection also induces distant tumor responses while ensuring local tumor delivery.[@cit0035],[@cit0038]

Besides the negative results of bioluminescence imaging, repeated intravenous delivery of virus was not recommended for its high autoimmune response. At first, repeated intravenous administration of virus was performed 7 days after first injection, however, most C57BL/6 mice died on the second day. Then, virus re-injection was performed after a 14-day interval. Although all mice were very weak, only one or two mice died among C57BL/6 mice. In brief, either intravenous or intratumoral viral administration could be chosen according to the condition of tumors. Direct intratumoral infection, the preferred method of administration for most viral platforms, is suitable for patients with easily accessible solid tumors. Otherwise, metastatic disease or hard-to-reach location tumors should be treated with intravenous injection, which has the potential for rapid viral infection at all locations of tumors.[@cit0039],[@cit0041] Furthermore, if it is necessary to perform a secondary virotherapy, intratumoral injection of more viruses is the only choice.

Conclusion {#s0005}
==========

In this study, we constructed a vaccinia VG9-Luc strain, which expressed firefly luciferase for bioluminescence imaging and disrupted the TK gene for promoting tumor specificity. Except BALB/c mice treated with intravenous virus injection, all immunocompromised and immunocompetent mice with intravenous or intratumoral virus injection showed obvious tumor targeting ability of vaccinia VG9-Luc. For evaluation of host immune response activated by vaccinia VG9-Luc, we found no significant difference in production of neutralizing antiviral and antitumor antibodies between mice injected intravenously or intratumorally. Moreover, secondary immunization was studied and intravenous re-injection was not recommended because of a more rapid viral clearance and safety evaluation.
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[^1]: **Notes:** Mice were sacrificed each day from day 1--5 after intravenous injection of vaccinia VG9-Luc via the tail vein. Excised organs were homogenized in 1 mL PBS. The virus was released by three cycles of freezing and thawing procedure. Plaque assays were performed to determine the quantity of virus remaining in the organs.

[^2]: **Notes:** Nude mice and C57BL/6 mice were sacrificed on the last day of bioluminescence imaging. BALB/c mice were sacrificed on day 3 of bioluminescence imaging. Tumors were harvested and homogenized in 1 mL PBS. After 3 cycles of freezing and thawing procedure, the supernatants were quantified by the Firefly Luciferase Reporter Gene Assay Kit for luciferase activity and by plaque assays for viral titers.
